The apoprotein corresponding to the mammalian photoreceptor rhodopsin has been expressed by using suspension cultures of HEK293S cells in defined media that contained 6-15 N-lysine and 2-13 C-glycine. Typical yields were 1.5-1.8 mg͞liter. Incorporation of 6-15 N-lysine was quantitative, whereas that of 2-13 C-glycine was about 60%. The rhodopsin pigment formed by binding of 11-cis retinal was spectrally indistinguishable from native bovine rhodopsin. Magic angle spinning (MAS) NMR spectra of labeled rhodopsin were obtained after its incorporation into liposomes. The 15 N resonance corresponding to the protonated retinylidene Schiff base nitrogen was observed at 156.8 ppm in the MAS spectrum of 6-15 N-lysine-labeled rhodopsin. This chemical shift corresponds to an effective Schiff base-counterion distance of greater than 4 Å, consistent with structural water in the binding site hydrogen bonded with the Schiff base nitrogen and the Glu-113 counterion. The present study demonstrates that structural studies of rhodopsin and other G protein-coupled receptors by using MAS NMR are feasible.
Considerable progress has been made in recent years in understanding structure-function relationships in rhodopsin, the mammalian photoreceptor, and other members of the G protein-coupled receptor family (1) (2) (3) . These receptors share a common structural motif consisting of seven transmembrane helices (Fig. 1) . Electron diffraction measurements of twodimensional rhodopsin crystals have revealed the spatial arrangement of the seven transmembrane helices (4, 5) , whereas a combination of systematic cysteine replacements in the cytoplasmic domain of the receptor followed by spin labeling and EPR measurements has begun to show the nature of the movements in the transmembrane helices that are involved in receptor activation (6) (7) (8) . An essential feature of the activation mechanism that emerges from these studies is that structural changes in the transmembrane domain are tightly coupled to the conformations of the cytoplasmic and intradiscal (extracellular) loops of the protein.
In rhodopsin, receptor activation is controlled by the retinylidene chromophore. The 11-cis isomer of retinal is covalently attached as a protonated Schiff base (PSB) in the interior of the transmembrane domain. Photochemical isomerization of the retinal breaks helix-helix interactions, which, in the dark, lock rhodopsin in the inactive conformation. The idea that receptor-specific helix-helix interactions are involved in activation has arisen in studies on a number of G proteincoupled receptors (GPCRs) (2) . Unfortunately, the lack of a high-resolution structure of rhodopsin, or of any other GPCR, has presented a formidable problem for establishing how the transmembrane helices pack and how structural changes in the transmembrane helices are coupled to ligand binding, retinal isomerization, or motion in the other domains of the receptor.
Magic angle spinning (MAS) NMR spectroscopy has been increasingly applied to investigate membrane proteins over the past 10 years. A number of MAS NMR approaches have been developed for measuring the magnitudes and orientations of chemical shift and dipolar interactions in membrane systems (9, 10) . These measurements can be directly related to internuclear distances and torsion angles. The advantages of MAS NMR are considerable. Membrane proteins can be studied in their native membrane environment, reaction intermediates can be trapped at low temperature, and structural measurements are possible with ultra-high resolution. Internuclear distances can be measured with resolution on the order of 0.2 Å (11), while torsion angles can be determined to within Ϯ10° ( 12) . Such high-resolution measurements are well suited for establishing the key helix-retinal and helix-helix interactions that may be involved in receptor activation.
High-level expression of the rhodopsin gene in a suspensionadapted HEK293 stable cell line recently has allowed the preparation of milligram amounts of rhodopsin (13) . By using defined media containing 6-15 N-lysine and 2-13 C-glycine, we now report that milligram quantities of isotopically labeled rhodopsin can be obtained in a similar fashion. This ability to incorporate isotope labels into rhodopsin on a large scale overcomes the major limitation for NMR structural measurements and opens the door for studies of this diverse and important G protein-coupled receptor family.
We present MAS NMR spectra of rhodopsin containing isotopically labeled amino acids. Incorporation of 6-15 N-lysine into rhodopsin allows us to uniquely target the PSB bond that links the retinylidene chromophore to Lys-296 on transmembrane helix 7. The interaction between the PSB and the Glu-113 counterion is of considerable interest because of its critical role in spectral tuning (14, 15) and receptor activation (16) . The 15 N chemical shift at 156.8 ppm now reported is characteristic of a PSB nitrogen that has a weak counterion interaction. A long effective Schiff base-counterion distance suggested by the following. n-Octyl-␤-D-glucoside was obtained from Anatrace (Maumee, OH). Custom-made DMEM lacking L-glutamine, glycine, L-arginine, L-histidine, L-lysine, sodium pyruvate, calcium, and sodium bicarbonate was obtained from Atlanta Biologicals (Norcross, GA). Cell culture grade calcium chloride, Pluronic F-68, and amino acids were from Sigma. Isotope-labeled amino acids were from MassTrace (Woburn, MA) and Cambridge Isotope Laboratories (Andover, MA). Both 2-
13
C-glycine and 6-15 N-lysine were Ͼ99% labeled and used without further purification. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was obtained from Avanti (Alabaster, AL).
Buffers. The following buffers were used: buffer A, 137 mM NaCl͞2.7 mM KCl͞1.5 mM KH 2 PO 4 ͞8 mM Na 2 HPO 4 , pH 7.2; buffer B, buffer A with 4% (wt͞vol) n-octyl-␤-Dglucoside; buffer C, 10 mM 1,3-bis[tris(hydroxymethyl)-methylamino]-propane, pH 6.0 with 1.46% (wt͞vol) n-octyl-␤-D-glucoside; buffer D, buffer C ϩ 100 M nonapeptide; buffer E, buffer A with 1.46% (wt/vol) n-octyl-␤-D-glucoside; buffer F, 10 mM Hepes͞50 mM NaCl͞1 mM EDTA͞1 mM DTT, pH 7.1 with 4% (wt͞vol) n-octyl-␤-D-glucoside, and buffer G, 50 mM Tris͞50 mM sodium acetate, pH 7.0.
Growth of Cells in Suspension. The construction of the stable cell line (HEK293S) expressing the opsin gene has been described by Reeves et al. (13) . Suspension cultures were set up by using 2-liter spinner flasks containing 500 ml of DMEM supplemented immediately before use with dialyzed (1-kDa cutoff) fetal bovine serum (FBS) (10%), Pluronic F-68 (0.1%), heparin (50 mg͞liter), penicillin, streptomycin, and the missing amino acids (including L-glutamate) at the concentrations used in the original description of DMEM (19, 20) . CaCl 2 was added at a concentration of 340 M based on growth optimization in this study. Cell lines first were grown to confluence in 15-cm culture dishes containing 30 ml of DMEM with the appropriate concentration of geneticin G418 (13) . At about 70% confluence, cells were fed with the same medium containing 680 M Ca 2ϩ and grown to confluence. Spinner flasks were inoculated by using three such culture dishes (6-9 ϫ 10 7 cells) and incubated at 37°C in a humidified incubator. After 6 days, the culture medium was further supplemented with 6 ml of 20% (wt͞vol) glucose and 4 ml of 8% (wt͞vol) NaHCO 3 (21) . Cells were harvested on day 7 and incubated with 11-cis retinal as described (13) .
Immunoaffinity Purification of Rhodopsin. Rhodopsin was purified by immunoaffinity chromatography with 1D4-Sepharose beads by using a modified procedure of Reeves et al. (13) . The detergent dodecyl-␤-D-maltoside was replaced by n-octyl-␤-D-glucoside throughout. Buffers B, C, D, and E were used as solubilization buffer, first washing buffer, second washing buffer, and elution buffer, respectively, as described (13) .
Reconstitution in DOPC. The rhodopsin eluted in buffer D was concentrated by using concentration devices (Amicon Centricon, 10-kDa cutoff) to 1 mg͞ml as determined by UV͞Vis spectroscopy. A 300-fold molar excess of DOPC as a suspension in degassed buffer F was sonicated for 10-15 min. The purified rhodopsin and lipids then were combined and mixed end over end for 1 h before transferring into dialysis tubing (12-to 14-kDa cutoff). The rhodopsin in mixed micelles was dialyzed against 200 vol of buffer G at 4°C. The buffer was changed every 4 h over a 24-h period, and the resulting proteoliposomes were pelleted by centrifugation at 100,000 ϫ g for 1 h at 4°C and loaded into the NMR rotor under dim red light.
Mass Spectrometric Analysis of 15 N-Lysine Incorporation into Rhodopsin. Rhodopsin (10 g) reconstituted into phospholipid vesicles was resuspended in 1 ml of water to remove salts and buffers. After centrifugation at 12,800 ϫ g for 15 min at room temperature, the pellet was resuspended in 10 l of water to which endoproteinase Asp-N (0.08 g͞l in 20 mM Tris, pH 8.0) was added such that the rhodopsin-to-enzyme ratio was 50:1 (wt͞wt). After incubation at room temperature for 6 h, the suspension was centrifuged as above. One microliter of the supernatant was mixed with 0.1 l of serial dilutions (1:1,000 to 1:10,000) of an internal control peptide (20 pmol͞ l) with mass 1720.9 g͞mol. This solution was mixed with 0.5 l of 10 mg͞ml ␣-cyano-4-hydroxycinnamic acid in 50% acetonitrile, 0.1% trifluoroacetic acid and spotted onto the sample plate. The air-dried crystals were analyzed by matrixassisted laser desorption ionization time of flight mass spectrometry (Voyager-DE STR Biospectrometry Workstation, PerSeptive Biosystems, Framingham, MA). Spectra were collected in the reflector mode.
Synthesis and NMR of the 11-cis Retinal Schiff Base Model Compounds. 11-cis-Retinylidene-butyl-15 N-imide was synthesized by the method of Harbison et al. (22) but replacing all-trans retinal with 11-cis retinal. The resulting Schiff base was dissolved in CDCl 3 and protonated with a 2-fold molar excess of either 37% HCl, 48% HBr, or 56% HI. The spectra for the model compounds were recorded at 25°C by using a Varian Inova 500 NMR spectrometer.
MAS NMR Spectroscopy of Rhodopsin. MAS spectra were obtained on a Bruker Avance NMR spectrometer by using double-resonance probes from Doty Scientific (Columbia, SC). The 13 
RESULTS

Large-Scale Expression of Isotope-Labeled Rhodopsin.
Reeves et al. (13) demonstrated that milligram quantities of wild-type rhodopsin could be obtained from suspension cultures by using a HEK293S cell line stably expressing the opsin gene. The medium formulation was optimized to allow efficient incorporation of labeled amino acids into the expressed opsin. The medium designed for isotope labeling of opsin was deficient in five amino acids (Arg, Glu, Gly, His, and Lys) and calcium. The absence of five amino acids allows any combination of them to be added in a labeled form. Limiting the (1999) media to only five deficient amino acids decreases the number of parameters that must be optimized for maximum opsin production. All five amino acids, labeled or unlabeled, were added back to the medium to allow cell growth while calcium was added back in a controlled fashion. HEK293S cells were grown in various concentrations of calcium (0-6.8 mM) and assessed for growth on plates after 5 days of incubation (data not shown). CaCl 2 concentrations below 34 M and above 3,400 M were found to be toxic. Suspension growth was supported with calcium levels between this range, but was sensitive to the exact concentration. CaCl 2 concentrations of 100-340 M supported cell growth and promoted cell detachment from the culture dish. Animal serum was used as a source of essential growth factors, lipids, and other micronutrients that are required for the growth of animal cells. However, serum also contains amino acids that would interfere with specific labeling. These amino acids therefore were removed by dialysis by using tubing with a 1-kDa cutoff. The efficiency of rhodopsin production using media supplemented with either dialyzed or nondialyzed FBS at a final concentration of 10% was tested as a function of CaCl 2 concentration (Table 1) . Optimal rhodopsin production was achieved by using 340 M CaCl 2 and dialyzed FBS. These conditions subsequently were used for the preparative scale labeling experiments. The preparative biosynthetic incorporation of 6-15 N-lysine and 2-13 C-glycine into opsin was carried out by using 12 0.5-liter cultures as described in Materials and Methods. Upon treatment of cells with 11-cis retinal the estimated total yield of rhodopsin, as determined by UV͞Vis difference spectroscopy, was 10 mg.
Purification and Reconstitution of Rhodopsin into DOPC. After generation of the rhodopsin pigment by the addition of 11-cis retinal, the whole cells were pelleted and solubilized with octyl-␤-glucoside. Cleared lysates from two 500-ml cultures were combined and passed over a 2-ml Sepharose-1D4 column. The column then was washed, and rhodopsin was eluted as described (13) but by using the buffers described in Materials and Methods. The total yield of pure rhodopsin obtained from the 12 500-ml cultures was 9 mg. The labeled rhodopsin prepared in this manner was indistinguishable from rhodopsin purified from rod outer segments (ROS) by all criteria applied. In Fig. 2 the UV͞Vis absorption spectrum of the purified HEK293S rhodopsin (A 280 ͞A 500 ratio of 1.65) is compared with rhodopsin purified from the ROS.
For MAS NMR spectroscopy experiments, the labeled rhodopsin was concentrated and reconstituted into dioleolyl phosphatidylcholine vesicles by octyl-␤-D-glucoside dialysis in the presence of the phospholipid at a 300:1 molar ratio of lipid to protein (24) (25) (26) . The extent of reconstitution was determined by UV͞Vis spectroscopy on samples resolubilized with detergent. The final amount of rhodopsin reconstituted into liposomes and subsequently used for the MAS NMR experiments was 6.5 mg.
13 C MAS NMR Spectroscopy of 2-13 C-Glycine, 6-15 N-Lysine Rhodopsin. Fig. 3 presents the 13 C MAS spectrum of 2- The efficiency of incorporation of isotope labels into the opsin protein was determined by using MAS NMR. The natural abundance resonance from the backbone and sidechain carbonyls at 175 ppm provides an internal standard, and its integrated intensity was compared with the integrated intensity of the labeled resonance(s). This comparison is possible because the glycine CH 2 resonance is separated from the other backbone ␣-carbons. Quantitation in the MAS experiment is improved by using ramped-amplitude cross polarization (23) . The ratio of the integrated intensities of the labeled glycine resonance at 40-47 ppm and natural abundance carbonyl resonances at 175 ppm is approximately 3, corresponding to an incorporation of roughly 60%. . In the spectrum of labeled rhodopsin, all peaks were shifted by ϩ1, and negligible intensity was found at m͞z 1938. These results confirmed that 15 N-lysine was quantitatively incorporated into rhodopsin. In the NMR spectrum, however, the ratio of the free lysine signal at 8.7 ppm to the natural abundance 15 N signal is lower than expected. The most likely explanation for the lower ratio of the free lysine peak relative to the natural abundance 15 N signal is that motion of free lysine residues reduces the efficiency of cross polarization. Even though we have used rampedamplitude cross polarization to compensate for cross polarization mismatches, it was not possible to optimize the cross polarization conditions on the actual sample because of the extremely low sensitivity.
The Schiff base-counterion distances in the protonated 11-cis retinylidene-butyl- and the halide counterion (27) as described for bacteriorhodopsin (28, 29) (Fig. 5 ). The solid line shows the linear regression of the experimental points, while the dotted line shows the corresponding values for rhodopsin. The PSBcounterion distance is estimated to be 4.4 Å based on the correlation of absorption maxima (Fig. 5A ) and is estimated to be 4.1 Å based on the correlation of 
DISCUSSION
Biosynthetic Incorporation of Isotope Labels into Rhodopsin. The suspension-adapted HEK293 mammalian stable cell lines previously were found from comprehensive investigations of expression systems to yield the highest expression levels of rhodopsin and its mutants (13) . A major advantage of this cell line is its ability to efficiently perform the specific posttranslational modifications that are needed for correct folding of the protein and insertion into membranes in a fully functional form. After binding of 11-cis retinal, expressed opsin was indistinguishable from rhodopsin isolated from bovine retinas based on several criteria, including absorption spectra obtained in the dark and after photobleaching, the initial rate of transducin activation, and the rate of phosphorylation by rhodopsin kinase (13) . We now show that HEK293S cells can be grown in defined media that contain isotopically labeled amino acids. HEK293S cells grown in suspension allow the production of labeled opsin in the range of 10 mg by using culture sizes of 5-7 liters. This system has provided the amounts of the receptor that are required for biophysical studies, such as those involving MAS NMR. Although the amounts obtained in this study are adequate, clearly more effort is possible in scaling up rhodopsin production by further optimizing cell culture conditions, receptor purification, and incorporation into membranes.
Effective Counterion-Retinal PSB Interaction. The ability to incorporate 15 N-lysine into rhodopsin provides a direct probe of the Schiff base environment by using MAS NMR. The interaction between the Schiff base and its counterion is involved in spectral tuning (14, 15) and receptor activation (16) . A salt bridge between the positively charged PSB and its negatively charged Glu-113 counterion has been proposed as part of the mechanism for locking rhodopsin in the inactive conformation in the dark (30) . Receptor activation in wildtype rhodopsin is triggered by transfer of the Schiff base proton to Glu-113 in the formation of metarhodopsin II (31), whereas constitutive activation occurs in the E113Q mutant where the negatively charged counterion is neutralized (16, 30) . In a low dielectric environment, the neutral species would be favored over the charged ion pair (32) . Moreover, the Schiff base pKa of Ͼ16 is unusual and reflects an extremely stable complex that is not accessible to the bulk water (18, 33) . As a result, the ''salt bridge'' in rhodopsin is clearly not a simple ion pair. Chemical shift measurements of the protein-bound retinal chromophore previously were used to localize the Glu-113 interaction near C12 of the retinylidene chain (17, 34) . Yet, this position of the counterion appears to be inconsistent with the high C ϭ N stretching frequency of the retinal Schiff base linkage that is similar to 11-cis retinal PSB model compounds in methanol and has long been interpreted in terms of a strong Schiff base hydrogen bond (35) .
The 15 N chemical shift of the imine nitrogen involved in the PSB linkage is unique because it is part of the conjugated retinylidene polyene chain. It is also sensitive to the electrostatic environment of the retinal binding site. DeGroot et al. (36) have shown that the range of 15 For rhodopsin, we report here a 15 N chemical shift for the Schiff base of 156.8 ppm. This shift clearly shows that the retinal Schiff base is protonated. Of significance is that the correlation between 15 N chemical shifts and absorption maxima observed for all-trans PSB model compounds and bacteriorhodopsin also holds true for rhodopsin (Fig. 5 ). This correlation supports the finding that the 15 N chemical shift generally tracks with charge delocalization along the retinal chain and Schiff base-counterion separation. Based on the correlation between the absorption maxima and counterion separation, the effective counterion distance in rhodopsin is roughly 4.4 Å (Fig. 5A) . A slightly shorter separation, 4.1 Å, is predicted from the observed isotropic 15 N chemical shift (Fig.  5B) . These distances are close to the 4.3-Å distance obtained previously by modeling the 13 C chemical shifts along the conjugated retinal chain and retinal absorption spectrum (17, 34) . The distance predicted by the 15 N chemical shift is also close to that previously predicted for the effective separation between the ''complex'' counterion in bacteriorhodopsin and the PSB nitrogen of its retinal chromophore (29) . The redshifted absorption maximum observed in bR568, relative to rhodopsin, consequently can be attributed largely to the 6-strans conformation of the retinylidene chromophore when bound to the bacterial protein.
The long effective Schiff base-counterion distance suggested by the 15 N chemical shift can be reconciled with the high C ϭ N frequency by the inclusion of structural water in the retinal binding site. A structural water molecule is thought to bridge and be tightly associated with the counterion and the Schiff base proton (17, 18, 33, 37) . This Schiff base-counterion geometry explains the high pKa observed for the rhodopsin PSB (18) and reproduces the 500-nm rhodopsin absorption maximum (17) . A model of this geometry with a bridging water between the PSB and its counterion is shown in Fig. 6 .
CONCLUSIONS
The ability to incorporate isotope labels into the opsin protein opens up an experimental approach for establishing the proximity of protein groups within rhodopsin and for probing the structural changes that occur upon receptor activation. Measurements of specific retinal-protein distances are possible by using isotopically labeled opsin regenerated with labeled retinal. Also, because the chemical shifts of Glu, Asp, and His residues are sensitive to protonation state, protonation changes, which occur in the formation of metarhodopsin II, can be measured. Finally, both solid-state and high-resolution solution NMR spectroscopy studies are possible by incorporating selectively labeled amino acids into the cytoplasmic domain of rhodopsin. Such studies should address how structural changes in the transmembrane helices are coupled to 
